The structural, electronic and magnetic properties of small Fe m Rh n clusters having N = m+n ≤ 8 atoms are studied in the framework of a generalized-gradient approximation to density-functional theory. For N = m + n ≤ 6 a thorough sampling of all cluster topologies has been performed, while for N = 7 and 8 only a few representative topologies are considered. In all cases the entire concentration range is systematically investigated. All the clusters show ferromagnetic-like order in the optimized structures. As a result, the average magnetic moment per atom µ N increases monotonously, which is almost linear over a wide range of concentration with Fe content.
I. INTRODUCTION
Alloying elements with complementary qualities in order to tailor their physical behavior for specific technological purposes has been a major route in material development since the antiquity. Cluster research is no exception to this trend. After decades of systematic studies of the size and structural dependence of the most wide variety of properties of monoelement particles, the interest has actually been moving progressively over the past years towards investigations on finite-size binary alloys. 1 The magnetism of transition-metal (TM) clusters opens numerous possibilities and challenges in this context. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] For example, one would like to understand how to modify the magnetic characteristics of clusters, in particular the saturation magnetization and the magnetic anisotropy energy (MAE), as it has been done in solids. This would indeed allow one to design new nanostructured materials from a microscopic perspective. Nevertheless, it also true that controlling composition, system size, and magnetic behavior sets serious difficulties for both experiment and theory.
Pure TM clusters such as Fe N , Co N and Ni N show spin moments, orbital moments, and
MAEs that are enhanced with respect to the corresponding periodic solids. [18] [19] [20] [21] [22] [23] [24] Still, the possibilities of optimizing the cluster magnetic behavior by simply tuning the system size have been rather disappointing, particularly concerning the MAE, which remains relatively small -despite being orders of magnitude larger than in solids 21 -due to the rather weak spin-orbit (SO) coupling in the 3d atoms. This is one of the motivations for alloying 3d
TMs with 4d and 5d elements which, being heavier, are subject to stronger SO interactions.
In this context it is useful to recall that large nanoparticles and three dimensional solids of these elements are non-magnetic. However, at very small sizes the 4d and 5d clusters often develop a finite spontaneous low-temperature magnetization, due to the reduction of local coordination and the resulting d-band narrowing. [25] [26] [27] [28] [29] The first experimental observation of this important finite-size effect has been made by Cox et al. by performing Stern-Gerlachdeflection measurements on Rh N clusters. In this work the average magnetic moments per atom µ N = 0.15-0.80µ B have been experimentally determined for N ≤ 30-50 atoms. 27 In view of these contrasting features one expects that 3d-4d and 3d-5d alloy clusters should show very interesting structural, electronic and magnetic behaviors. to paramagnetic (PM) transition at (T C ≃ 670K). 31 In addition, the properties of α-FeRh bulk alloys have been the subject of first principles and model theoretical investigations.
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In particular these show that the relative stability of the FM and AF solutions depends strongly on the interatomic distances. Such remarkable condensed-matter effects enhance the appeal of small FeRh particles as specific example of 3d-4d nanoscale alloy. Investigations of their magnetic properties as a function of size, composition, and structure are therefore of fundamental importance.
The remainder of the paper is organized as follows. In Sec. II the main details of the theoretical background and computational procedure are presented. This includes in particular a description of the strategy used for exploring the cluster energy landscape as a function of geometrical conformation and chemical order. The results of our calculations for FeRh clusters having N ≤ 8 atoms are reported in Sec. III by analyzing the concentration dependence of the cohesive energy, the local and average magnetic moments, and the spinpolarized electronic structure. Finally, we conclude in Sec. IV with a summary of the main trends and an outlook to future extensions.
II. COMPUTATIONAL ASPECTS
The calculations reported in this work are based on density functional theory, 30 as implemented in the Vienna ab initio simulation package (VASP). 33 The exchange and correlation energy is described by using both the spin-polarized local density approximation (LDA) and Perdew and Wang's generalized-gradient approximation (GGA). 34 The VASP solves the spin-polarized Kohn-Sham equations in an augmented plane-wave basis set, taking into account the core electrons within the projector augmented wave (PAW) method. 35 This is an efficient frozen-core all-electron approach which allows to incorporate the proper nodes of the Kohn-Sham orbitals in the core region and the resulting effects on the electronic structure, total energy and interatomic forces. The 4s and 3d orbitals of Fe, and the 5s and 4d orbitals of Rh are treated as valence states. The wave functions are expanded in a plane wave basis set with the kinetic energy cut-off E max = 268 eV. In order to improve the convergence of the solution of the selfconsistent KS equations the discrete energy levels are broadened by using a Gaussian smearing σ = 0.02 eV. The validity of the present choice of computational parameters has been verified. 36 The PAW sphere radii for Fe and Rh are 1.302Å and 1.402Å, respectively. A simple cubic supercell is considered with the usual periodic boundary conditions. The linear size of the cell is a = 10-22Å, so that any pair of images of the clusters are well separated and the interaction between them is negligible.
Since we are interested in finite systems, the reciprocal space summations are restricted to the Γ point.
Although the potential advantages of alloying magnetic 3d elements with highly-polarizable 4d or 5d elements are easy to understand, the problem involves a number of serious practical complicates the computational task as we increase the cluster size, and as we move away from pure clusters towards alloys with equal concentrations. Finally, in order to perform the actual density-functional calculations we set for simplicity all NN distances in the starting cluster geometry equal to the Fe bulk value 42 R 0 = 2.48Å. Subsequently, a fully unconstrained geometry optimization is performed from first principles by using the VASP. 33 The atomic positions are fully relaxed by means of conjugate gradient or quasi-Newtonian methods, without imposing any symmetry constraints, until all the force components are smaller than the threshold 5 meV/Å. The convergence criteria are set to 10 −5 eV/Å for the energy gradient, and 5 × 10 −4Å for the atomic displacements. 43 The same procedure applies to all considered clusters regardless of composition, chemical order, or total magnetic moment.
Notice that the diversity of geometrical structures and atomic arrangements often yields many local minima on the ground-state energy surface, which complicates significantly the location of the lowest-energy configuration.
Lattice structure and magnetic behavior are intimately related in TMs, particularly in weak ferromagnets such as Fe and its alloys. 44 On the one side, the optimum structure and of S z . These FSM study provides a wealth of information on the isomerization energies, the spin-excitation energies, and their interplay. These are particularly interesting for a subtle magnetic alloy such as FeRh, and would therefore deserve to be analyzed in some more detail.
In the present paper we shall focus on the ground-state properties by determining for each considered Fe m Rh n the most stable structural and magnetic configuration corresponding to energy minimum as a function of S z and of the atomic positions.
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Once the optimization with respect to structural and magnetic degrees of freedom is achieved, we derive the binding energy per atom
in the usual way by referring the total energy E to the corresponding energy of m Fe and n Rh isolated atoms. Moreover, for each stationary point of the total energy surface (i.e., for each relaxed structure having a nearly vanishing ∇E ) we determine the vibrational frequencies from the diagonalization of the dynamical matrix. The latter is calculated from finite differences of the analytic gradients of the total energy. In this way we can rule out saddle points to which the local optimization procedure happens to converge on some occasions. Only configurations which correspond to true minima are discussed in the following.
Finally, a number of electronic and magnetic properties -for example, the binding energy, the local magnetic moments µ i integrated within the Wigner-Seitz (WS) or Bader atomic cells of atom i, 45, 46 and the spin polarized density of electronic states (DOS) ρ σ (ε)-are derived from the self-consistent spin-polarized density and Kohn-Sham spectrum.
III. RESULTS AND DISCUSSION
In the following we present and discuss results for the binding energy, average and local spin moments, and electronic densities of states for N = m + n ≤ 8. 
A. Binding energy and magnetic moments
In Fig. 1 A similar strong interplay between structure, chemical order and magnetism is expected for larger FeRh clusters.
B. Electronic structure
It is very interesting to analyze, at least for some representative examples, how the electronic structure depends on the composition of magnetic nanoalloys. To this aim we report in Fig. 4 as compared to the DOS in Rh 8 . This is a consequence of the change in topology from cubic to bicapped octahedron (BCO).
For equal concentrations (Fe 4 Rh 4 ) the first signs of d-band narrowing and enhanced exchange splitting start to become apparent. The spin-up states (majority band) which in Fe 2 Rh 6 contribute to the DOS at ε F now move to lower energies (0.3 eV below ε F ) so that the majority band is saturated. Only spin-down (minority) states are found around ε F , although there is a significant gap in ρ ↓ (ε) (see Fig. 4 ). In the majority band Rh dominates over Fe at the higher energies (closer to ε F ), while Fe dominates in the bottom of the band.
In the minority band the participation of Rh (Fe) is stronger (weaker) below ε F and weaker (stronger) above ε F . This is consistent with the fact that the Rh local moments are smaller than the Fe moments.
Finally, in the Fe rich limit (e.g., Fe 6 Rh 2 ), the majority-band width becomes as narrow as in Fe 8 , while the minority band is still comparable to Rh 8 . The exchange splitting is large, the majority band saturated and only minority states are found close to ε F . As in Fe 8 , ρ ↓ (ε)
shows a clear gap at ε F (see Fig. 4 ). However, the Rh contribution to the minority states below ε F remains above average despite the relative small Rh content. The Fe contribution largely dominates the unoccupied minority-spin DOS, in agreement with the larger local Fe moments.
IV. SUMMARY AND OUTLOOK
The structural, electronic and magnetic properties of small 
